Fan noise is a dominant component of noise fields radiated from high-speed turbomachinery such as turbofan engines. For the purpose of understanding fan noise generation and propagation characteristics, a Nearfield Acoustical Holography (NAH) procedure is applied to visualize the three-dimensional sound fields radiated from a 4-blade test fan operating at 4.3, 4.7, and 5.1 kRPM. Here, a generalized planar NAH description including a partial field decomposition technique is described. The fan radiates strong tonal noise components at the 1st Blade Passing Frequency (BPF) and its higher harmonics. NAH reconstruction frequencies are selected at the 1st, 2nd, and 4th BPFs. It is shown that reconstructed sound fields can be used to identify the sound source locations and radiation patterns of the fan. For example, at the 1st BPF, a composite sound source that consists of 8 monopoles and rotates at the fan rotation speed is identified at the leading and trailing edges of blade tips. The latter finding leads to the modeling of the fan noise source as a combination of monopoles that rotates at the fan speed. At the 2nd and 4th BPFs, the sound sources of monopole type are mainly identified at the blade surfaces and edges. The reconstructed supersonic sound intensity fields indicate that the farfield noise radiations from the fan can be modeled by using a single off-centered monopole. The total sound power level calculated from the reconstructed active sound intensity fields on the source surface is dominant at the 1st BPF and decreases as the BPF increases: e.g., the total sound power levels are 96, 85, and 72 dB for the 1st, 2nd, and 4th BPFs, respectively. © 2012 Institute of Noise Control Engineering.
INTRODUCTION
Due to the extensive applications of fans in highspeed, modern turbomachinery such as turbofan engines where fan noise is a dominant noise contributor to the overall noise level of the turbomachinery, the fan noise has gained significant interest 1 . Many researchers have thus made significant efforts to identify fan noise generation and propagation characteristics.
The fan noise generation characteristics depend on whether blade tip speed is subsonic or supersonic. Feiler and Conrad summarized the fan noise generation characteristics in both subsonic and supersonic blade tip speed cases for turbofan engines 2 . During takeoff operations where the blade tip speed is often supersonic, the fan noise has noise components of which frequencies are the integer multiples of shaft rotation frequency. These noise components are usually present below the Blade Passing Frequency (BPF) defined as the multiplication of the rotation frequency and the number of blades. Benzakein observed that these noise components are generated at the fan leading edges in the form of shock waves and propagate only at supersonic blade tip speeds 3 . In landing conditions where the blade tip speed is subsonic, the fan noise mainly consists of the BPF and its harmonic components as well as broadband frequency components. In the subsonic speed case, the fan noise is generated from the pressure fluctuation caused by unsteady flow and its interaction with rigid blade surfaces. Vortices shedding at the blade edges and tips are also major noise sources in the subsonic blade tip speed cases 4 case in detail 6 . They observed that the broadband noise level increases as blade tip clearances increase due to the increase of wake turbulence near the duct wall. When a set of stator vanes are installed at the downstream of the fan, the broadband noise components are reflected to the upstream increasing their noise levels.
The fan noise investigations in Refs. 1-6 are based on farfield measurements. Exact noise source locations on fan blades and radiation patterns in a three-dimensional (3-D) space are difficult to be identified from these farfield measurements. For the purpose of identifying the noise source locations and their radiation patterns, it is here proposed to apply a Nearfield Acoustical Holography (NAH) technique to visualize the 3-D sound pressure and particle velocity fields of a fan by projecting sound pressure data measured on a two-dimensional (2-D) measurement surface (i.e., hologram surface) into a 3-D space. Then, the 3-D acoustical information projected from the measured 2-D acoustic pressure information can be used to identify the sound source locations and radiation patterns of the fan.
The NAH procedure, that includes evanescent wave components to improve the spatial resolution of reconstructed sound fields, was first introduced by Williams et al. [7] [8] [9] in 1980s and improved by many researchers since then. The basic NAH procedures are to (1) measure sound pressure data on a hologram surface, (2) transform the measured data to wave number domain to obtain wave number spectrum, (3) project the wave number spectrum to any reconstruction surfaces, and (4) apply the inverse spatial Fast Fourier Transform (FFT) to the projected wave number spectrum to obtain reconstruction sound fields on the surfaces.
The aforementioned, conventional NAH procedures require that the hologram surface should be sufficiently large to cover sound sources 10 . However, it is not always possible to satisfy this requirement due to various restrictions. In order to circumvent this requirement, "patch" NAH algorithms are developed that can be used to reconstruct the sound fields based on a single scanning measurement on a small measurement aperture [11] [12] [13] . The aforementioned patch NAH algorithms only consider the cases where the fluid medium surrounding the sound sources and microphones is not in motion. Kim and Niu proposed a planar, patch NAH description, which can be applied in a fluid medium moving at a uniform and subsonic velocity 14, 15 . In the current research, fan noise characteristics are investigated by applying the generalized patch NAH procedure to a test fan. The selected axial fan is operating at the speeds of 4.3, 4.7, and 5.1 kRPM that are corresponding to the maximum blade tip speed of 43 m/s. The air in front of the fan primarily flows in the axial direction at low speeds (e.g., Mach Number < 0.1) and the microphone-induced flow noise can be reduced by wind screens as well as partial field decomposition (PFD) procedures 10, 16 . Thus, the fluid convection effects 14, 15 are not considered. The generalized NAH algorithm along with a SVD (Singular Value Decomposition)-based PFD procedure 16 is applied to reconstruct the sound pressure and intensity fields in the 3-D space.
THEORETICAL BACKGROUND

Generalized Planar NAH Theory
The following "generalized" planar NAH theory that can be applied to reconstruct 3-D sound fields from sound pressure data measured on a small measurement aperture is described in Ref. 15 in detail. A brief summary is given below. The relation between the hologram sound pressure and reconstructed sound pressure can be represented by using an acoustical transfer matrix as
where p r is the N Â 1 reconstructed sound pressure vector on a reconstruction surface at z = z r , p h is the M Â 1 sound pressure vector measured on a hologram surface at z = z h , and H p is the N Â M acoustical transfer matrix to be determined. Similarly, a j-direction particle velocity vector can be reconstructed from the measured sound pressure vector by using the following acoustical transfer matrix: i.e.,
where j = x, y, or z. As described in Ref. 15 , the acoustical transfer function matrices can be written as
and
where the superscript H denotes the conjugate transpose of a complex matrix, P is the vector of the source wave number spectrum, and θ 2 is the Tikhonov regularization parameter 11 . In Eqns. (3) and (4), the plane wave matrices can be written as
By setting PP H = I in Eqns. (3) and (4), the resulting equations become identical to the Statistically Optimal Nearfield Acoustical Holography (SONAH) description as Hald presented in Ref. 11. The condition of PP H = I indicates that all of the wave number components contribute equally to the NAH projection procedures. However, when performing the backward NAH reconstructions (z < 0), the evanescent wave number components including any noise components in the subsonic region can be amplified exponentially. Therefore, a wave number filter is required before performing backward NAH reconstructions to suppress the exponentially amplified noise components (see Ref. 9). As described in Ref. 15 , it is thus proposed to use the wave number filter for the calculation of the acoustical transfer matrices in Eqns. (3) and (4): i.e.,
where W(k x ,k y ) is the wave number filter presented in Ref. 9.
Singular Value Decomposition-Based Partial Field Decomposition
The NAH reconstruction procedures require that sound fields should be spatially coherent 10, 16 . Most of "real" systems have a composite source consisting of multiple incoherent (i.e., linearly independent) sources: e.g., measured fan noise data can include the noise components generated by fluid flow, structural vibrations, electricity, etc. Therefore, a Partial Field Decomposition (PFD) procedure is necessary prior to the NAH reconstructions to decompose the total field radiated from the multiple incoherent sources into spatially coherent partial fields. Here, the SVD (Singular Value Decomposition)-based PFD is described as 10, 16 
In Eqn. (9), the matrices Σ and V are obtained by applying the SVD to the cross-spectral matrix of reference signals, S rr as
where Σ is the diagonal matrix with singular values and V is the unitary matrix whose column vectors are the eigenvectors of S rr (S rr ) H . Each of the partial fields on the hologram surface obtained from Eqn. (9) is then projected to any reconstruction surfaces by using the "generalized" NAH procedure described in the previous section.
EXPERIMENTAL SETUP AND PROCEDURE
A 4-blade fan with the diameter of 0.165 m, is connected to a 1/15 HP motor that rotates in the counter-clockwise (CCW) direction through a fan shaft supported by an aligned bronze pillow-block bearing (see Fig. 1 ). An 8 Â 8 1/4 inch diameter Brüel & Kjaer microphone array is mounted to a microphone rig in front of the fan (see Figs. 1 and 2 ) to measure the sound pressure field radiated from the 4-blade test fan. As shown in Fig. 2 , the origin of the coordinate system is located at the lower left corner of the microphone array to conveniently present NAH results relative to the microphone array location. The x-and y-direction array microphone spaces are 0.05 m: i.e., the aperture size of the 8 Â 8 microphone array is 0.35 Â 0.35 m. The array microphones are installed with wind screens at their tips to reduce the microphone induced airflow noise. The hologram height that is the distance between the microphone array and the outmost fan blade front tip plane (i.e., source surface) is set to z h = 0.05 m. A voltage transformer is used to control the fan operation speeds at 4.3, 4.7, and 5.1 kRPM. The fan blades are located close to the rigid table surface, as shown in Fig. 1 , that may result in upstream fluid flow disturbances and sound reflections although the reflected fan noise from the table surface mostly propagates to the back space of the fan while the NAH measurement is conducted in front of the fan. As presented in the next section, the measured and reconstructed axisymmetric sound pressure distributions at the first BPF can verify the insignificant effects of the table. The latter finding is also validated with a Computational Aeroacoustics (CAA) model of the test fan, which will be presented in another paper in the near future. The effects of the table will be further investigated with this CAA model. A National Instrument (NI) 80-channel data acquisition (DAQ) system along with an in-house LabVIEW program is used to record the array and reference microphone signals. A tachometer along with a remote optical sensor is used to measure the fan rotating speed and feed key-phase pulse signals to the NI DAQ system. The LabVIEW program starts recording the sound pressure data at the rising edge of the key-phase pulse signal to synchronize the measured data and fan rotation angle. The record length is set to 0.25 s at the sampling frequency of 32.768 kHz. At the fan speed of 5.1 kRPM, the number of samples per revolution is thus 386 and each set of time data contains 21 revolutions. The measurements are conducted 30 times repetitively for ensemble averaging at each of the three fan rotation speeds. The cross-spectral matrices between reference and array microphone signals are calculated by applying the FFT to each of the 0.25 s data and then ensembleaveraging the cross-spectral matrices for 30 times. Figure 3 shows the 12 singular value spectra obtained by applying the SVD to the 12 Â 12 reference cross-spectral matrix at the fan speed of 5.1 kRPM. The singular value spectra at the speeds of 4.3 and 4.7 kRPM are not shown due to their similar characteristics with those of the 5.1 kRPM case. It is shown that in Fig. 3 , the first singular value spectrum that is approximately 50 dB higher than the second singular value spectrum at the first Blade Passing Frequency (BPF) is significantly dominant, in particular, at the 1st BPF and its harmonics. At the broadband frequencies above 3 kHz, for example, the first singular value spectrum is still approximately 12 dB higher than the second singular value spectrum. Since the second and higher singular value spectra have the relatively small peaks at the BPF and its harmonics, the most dominant peaks of the first singular value spectrum indicate that the first singular values at the BPF and its harmonics are mostly associated with fan-blade-generated sound fields and thus the corresponding first partial fields are selected for the NAH reconstructions. The second and higher singular values are mostly associated with measurement and background noise or other insignificant noise components. Thus, their corresponding partial fields are ignored in the current NAH procedure.
EXPERIMENTAL RESULTS
Singular Value Spectra
At the fan rotation speed of 5.1 kRPM (i.e., 86 Hz), the 1st singular value spectrum contains the fan rotation frequency component at 86 Hz, the harmonic of electric noise at 120 Hz, the 1st BPF component at 344 Hz (i.e., the fan rotation frequency multiplied by the number of the blades), the higher BPF harmonics, and the broadband frequency components, in particular, with no narrow band peak above 5 kHz (see Fig. 3 ). The singular values associated with the BPF components at the narrow band peaks are dominant when compared to the broadband frequency components: e.g., the first and second singular values are 69 and 16 dB, respectively, at the 1st BPF of 344 Hz. In order to visualize the nearfield and farfield sound radiations and directivity patterns, both low and high frequency components are selected for NAH reconstructions. Here, the 1st, 2nd, and 4th BPF components are thus selected for sound field reconstructions. The 3rd BPF is not chosen since the noise radiation characteristics at the 3rd BPF are similar to those at the first two BPFs. Instead, the 4th BPF component has been selected in this article since it has more supersonic wave number components than the first three BPFs. The selected BPF noise components are mainly generated from flow fluctuation and its interaction with the rigid fan blade surface 2 . The Figure 4 shows the 1st partial sound pressure fields on the hologram plane (z = 0.05 m) at the 1st BPF of 344 Hz, 2nd BPF of 688 Hz, and 4th BPF of 1376 Hz when the test fan is running at a speed of 5.1 kRPM (86 Hz). In Fig. 4 , the sketch of the fan blades (that rotates in the CCW direction) is overlaid on the hologram sound pressure fields. As shown in Fig. 4(a) , the hologram sound pressure field has much higher sound pressure amplitude at the 1st BPF than those at the other two BPFs, which is consistent with the levels of the 1st singular value spectrum in Fig. 3 . In particular, the axisymmetric sound pressure field at the 1st BPF is mainly radiated from the fan blade tips as shown in Fig. 4(a) . At the 2nd and 4th BPFs, the hologram sound pressure fields indicate the dominant sound radiations from the fan blade surfaces as well as edges. The asymmetric sound pressure distributions at the 2nd and 4th BPFs may be caused by the shaft vibration or the fluid flow disturbances due to the rigid table surface and the pillow bearing behind the test fan, which will be further investigated by using the CAA model that is recently built by the authors of this article. All of the BPF noise components are caused by the blade surface stress acting on the fluid medium Refs. 2,3,17. However, the physical understanding and interpretation of the sound source distribution at each BPF require the comprehensive modeling of the fan, which will be presented in another paper in the near future.
Hologram Sound Pressure Fields
Figures 5(a), (b), and (c) show the hologram sound pressure fields at the 1st BPFs when the test fan is operating at 4.3, 4.7 and 5.1 kRPM, respectively. As the fan speed increases, the sound pressure amplitude on the hologram surface increases. At the 1st BPFs of 292 Hz (4.3 kRPM) and 316 Hz (4.7 kRPM), the sound pressure fields on the hologram plane also indicate the dominant sound radiations from the blade tips.
NAH Reconstructed Sound Pressure Fields
Three-dimensional sound pressure fields can be reconstructed by applying the "generalized" NAH procedure described in Sec. 2.1 to the 1st hologram sound pressure fields in Fig. 4 . Figure 6 shows the NAH reconstructed sound pressure fields at the 1st, 2nd, and 4th BPFs when the fan rotation speed is 5.1 kRPM (86 Hz). The top three plots in Fig. 6 are on the x-y source plane at z = 0 m, while the bottom three plots are on the x-z plane at y = 0.15 m. The 1st BPF 6(e) and (f), the sound source can be a distributed source that radiates sound mainly from the blade surface and edges to the farfield effectively. In Figs. 6(b), (d), and (f), the sound pressure decays more significantly at the 1st BPF than those at the higher BPFs. It can be explained that as the BPF increases, the radius of radiation circle, k = 2pf/c 0 increases 9 while the structural wave length associated with a structural characteristic length of the fan can be assumed to be a constant. Hence, more wave number components are included in the radiation circle and become supersonic ones (i.e., propagating components to the farfield). Although the sound pressure amplitude decays significantly at the 1st BPF, it still remains the most dominant component radiating to the farfield due to its high pressure level, which will be shown in the following radiation power and sound intensity results.
Compared to the previous investigation on the sound directivity of an axial fan performed by Huang and Wang 17 , the current research focuses on the BPF components due to their high noise levels as shown in Fig. 3 , while the previous research focuses on the turbulenceinduced random noise that is significant in the baseline condition of Ref. 17 . However, the investigations in Ref. 17 and this article show that the fan-blade-induced noise mainly radiates along the axial direction.
Reconstructed Sound Pressure Fields Synchronized with Fan Rotation
Figures 7 through 9 show the NAH reconstructed sound pressure fields synchronized with the fan rotation angle at the speed of 5.1 kRPM (86 Hz) at four time steps. The time step is determined by using the following equation: i.e.,
where f is the frequency of interest (i.e., the BPFs at 344, 688, or 1376 Hz). The temporal sound pressure fields are obtained by using
where p r is the reconstructed, complex sound pressure vector at a frequency of o = 2pf and p(t) is the temporal sound pressure vector at a time of t = 0, Δt, 2Δt, or 3Δt. Equation (12) represents the inverse temporal Fourier Transform for the specific frequency component of o.
Since the sampled time data are synchronized with the fan rotation angle as described in Sec. 3 and all of the NAH procedures described in this article are conducted in the frequency domain after applying the temporal Fourier Transform to the time data, the results of Eqn. (12) are expressed in the time domain of which the initial time step is synchronized with the initial fan position. During the spectral averaging process for calculating the auto-and cross-spectral matrices in Eqns. (9) and (10), the time domain information are kept in the phase information of the spectral matrices.
At the 1st BPF of 344 Hz, Fig. 7 shows the reconstructed, temporal sound pressure fields at t = 0, Δt, 2Δt, and 3Δt. The sound pressure fluctuations are visible at the fan blade tips while the fan is rotating in the CCW direction. These temporal sound source images indicate that the noise radiation patterns can be modeled by using 8 rotating monopoles with 4 positive and 4 negative pressure amplitudes around the blade tips. This observation leads to a monopole modeling procedure in the following section. At the 2nd BPF of 688 Hz, Fig. 8 shows the reconstructed, temporal sound pressure fields at the four time steps. The sound source has the characteristic of a monopole-like source at the fixed location of (0.1, 0.15, 0) m on the blade surface (see Figs. 8(a) and (e) ). The sound is propagating a longer z-direction distance at this BPF (see Figs. 8(b),  (d), (f), and (h) ) than the 1st BPF (344 Hz). However, its sound pressure level is much lower than that of the 1st BPF.
As the frequency increases to the 4th BPF of 1376 Hz, the sound effectively radiates to the farfield even at the low sound pressure level (see Figs. 9(b) , (d), (f), and (h)). On the source plane, the fan noise is mainly radiated from the blade surfaces and edges. Two monopole-like sound sources can be identified at (0.2, 0.2, 0) m and (0.2, 0.1, 0) m (see Fig. 9 ).
Monopole Modeling Procedure and Results
A monopole modeling procedure is developed to represent the radiation patterns of the fan on the source plane (z = 0 m). The number of monopoles is determined first from the reconstructed sound pressure fields. For the specific case at the 1st BPF of 344 Hz and fan rotation speed of 5.1 kRPM (86 Hz), 8 monopoles placed around the blade tips are placed on an x-y plane at z = À 0.025 m (see Fig. 7 ). The monopole plane (z = À 0.025 m) is set apart from the source plane (z = 0 m) to avoid the singularity at r 0 = 0 (see Eqn. (13) below). At a frequency o, the sound pressure field radiated from a monopole is represented as
where r 0 is the position vector from the monopole to a receiver at (x, y, z), r 0 is the magnitude of r 0 , k is the acoustic wave number (i.e., k = o/c 0 ), and Q(o) is the monopole strength determined from the reconstructed, sound pressure field on the source plane (e.g., see Fig. 7(a) ). The monopoles are rotating with respect to the fan center (X 0 ,Y 0 ) at the fan speed of 5.1 kRPM (Ω = 86 Hz). The position vector, r 0 thus can be written as
where R is the distance from the monopole to the fan center, θ 0 is the initial angular location of the fan based on the tachometer signal, Ω is the fan rotation frequency, and z 0 is the z-direction coordinate of the monopoles (i.e., z = À 0.025 m). The sound pressure field on the source plane radiated from the rotating monopole can be calculated by using Eqns. (13) and (14) . The total sound pressure field is calculated by superposing the sound fields radiated from all monopole sources. This procedure can also be used for modeling the source sound pressure fields at the 2nd and 4th BPF harmonics by choosing the monopole locations on the blade surfaces and edges. Figure 10 shows the monopole modeling results at the time steps of t = 0, Δt, 2Δt, and 3Δt, where Δt is determined by using Eqn. (11) at the 1st BPF, f = 344 Hz. The monopole simulated sound pressure fields in Fig. 10 show similar radiation patterns as the NAH reconstructed, temporal sound pressure fields in Fig. 7 .
Reconstructed Sound Intensity Fields and Radiation Powers
The sound intensity fields and radiation powers calculated from the NAH reconstructed results are presented in this section. Figure 11 shows the reconstructed, zdirection active sound intensity fields on the sound source plane when the fan is rotating at 5.1 kRPM. The active sound intensity in the z-direction at a location of (x, y, 0) is calculated from where p r is the reconstructed sound pressure and v z * is the conjugate of the reconstructed, z-direction particle velocity 19 . At the 1st BPF of 344 Hz, the summation of I z over the source surface has a large positive value indicating a strong sound radiation to the farfield (see Fig. 11(a) ). At the 2nd and 4th BPFs in Figs. 11(b) and (c), the active sound intensity fields have significantly smaller levels indicating less sound radiation than that of the 1st BPF.
Supersonic acoustic intensity fields 9, 20 in the zdirection presented in Fig. 12 show the acoustic intensity components propagating to the farfield. For calculating the supersonic sound intensity fields, p r and v z in Eqn. (15) contain only supersonic wave number components by filtering out subsonic wave number components before applying the inverse spatial FFT to the wave number spectra on the source surface 9, 20 . At the 1st BPF of 344 Hz, the sound radiation propagating to the farfield is over the whole source surface (see Fig. 12(a) ). As the BPF increases, the total propagating sound power decreases (see Figs. 12(b) and (c) ). All of the three supersonic intensity plots indicate that a single off-centered monopole model can be used to predict the farfield sound radiations from the fan at the BPFs.
The total radiation power at each BPF is calculated by adding the active sound intensity, I z at all microphone locations multiplied by one measurement grid area (i.e., ΔA = dx Â dy = 0.05 Â 0.05 m 2 ): i.e.,
The supersonic radiation power also can be calculated by using Eqn. (16) by replacing the active sound intensity with the supersonic one. Figure 13 shows the total radiation power based on the active and supersonic sound intensities at the 7 BPFs referenced to 10
Watt. The fan radiates much more sound power at the 1st BPF than those at the higher BPF harmonics. Generally, the radiation power decreases as the BPF increases. At low frequencies such as the 1st and 2nd BPFs where wavelengths are much larger than the measurement aperture dimension, the total radiation power based on the active sound intensity is larger than that of the supersonic sound intensity, since the measurement aperture is not sufficiently large compared to the wavelengths to completely capture the total radiation powers. Thus, there are the power level differences at these two BPFs (see Fig. 13 ). As the frequency increases, both of the total radiation powers agree well with each other.
CONCLUSIONS
In the current research, the 3-D sound fields radiated from the 4-blade fan are experimentally visualized by using the "generalized" NAH algorithm that can describe both conventional NAH and SONAH procedures. Additionally, the SVD-based PFD procedure is applied to decompose the total hologram data into multiple incoherent partial fields. The 1st singular value associated with the 1st partial field is the most dominant, and its level decreases as the BPF increases. The peak values in the 1st singular value spectrum are mainly at the 1st BPF and its higher harmonics.
At the fan speed of 5.1 kRPM, the sound fields on the source plane at z = 0 m and the x-z plane at y = 0.15 m are reconstructed at the 1st, 2nd, and 4th BPFs. At the 1st BPF, the fan noise is radiated mainly from the blade tips at the high sound power level of 96 dB. At the 2nd BPF, the fan noise source is on the single point at (0.1, 0.15) m on the blade surface. The sound source is distributed on the blade surfaces and edges and radiates efficiently to the farfield of the fan at the 4th BPF although its sound power level on the source surface is low at 72 dB.
Synchronized with the fan rotation angle by using the tachometer signal, the reconstructed sound fields at 344, 688, and 1372 Hz show the rotating multimonopole-like patterns. In particular, at the 1st BPF of 344 Hz, the sound field on the source plane can be represented as the sound radiation from the 8 rotating monopoles placed around the leading and trailing edges of blade tips. The latter monopole description leads to the monopole modeling procedure. The monopole modeling result correlates well with the reconstructed, temporal sound pressure field.
The reconstructed active and supersonic sound intensity fields along with radiation powers show that the largest acoustic power radiates to the farfield at the 1st BPF, and the radiation power decreases as the BPF increases. The supersonic intensity fields verify that the "farfield" radiations from the fan can be modeled as a single monopole placed at an off-centered single location at each BPF.
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